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Life  test  of  the  proton  exchange  membrane  fuel  cell  (PEMFC)  was  carried  out  at  a  current  density  of 
160  mAcrrr2.  After  an  operation  up  to  2250  h,  the  performance  of  the  single  PEMFC  shown  by  a  current¬ 
time  curve  did  not  decay  significantly.  X-ray  diffraction  (XRD),  scanning  electron  microscopy  (SEM),  and 
transmission  electron  microscopy  (TEM)  were  employed  to  characterize  both  anodic  and  cathodic  cata¬ 
lysts  before  and  after  the  life  test.  Cyclic  voltammetric  (CV),  polarization,  and  power  density  curves  were 
plotted  with  the  cell  at  different  periods  during  long-term  operation.  The  results  showed  that  the  electro¬ 
chemically  active  surface  areas  (Seas)  of  anodic  and  cathodic  catalysts  firstly  increased,  and  then  decreased 
with  the  operation  time.  The  SE as  loss  of  anodic  catalyst  was  evidently  smaller  than  that  of  cathodic  one. 
The  thickness  of  Nation®  film  decreased  with  working  time  as  shown  by  SEM.  The  particle  size  of  cathodic 
Pt/C  catalyst  was  evidently  bigger  than  that  of  anodic  one.  The  degradation  of  cathodic  catalyst  for  oxygen 
electroreduction  was  one  of  the  main  factors  affecting  the  performance  decay  of  PEMFC. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Proton  exchange  membrane  fuel  cells  (PEMFC)  have  been 
received  significant  development  in  the  past  decades  as  one  of 
the  main  alternative  power  sources  for  stationary  and  mobile 
applications  because  of  their  high-power  density,  low  weight,  sim¬ 
plicity  of  operation,  high-energy  conversion  efficiency,  and  zero 
harmful  emissions  [1,2].  The  PEMFC  stacks  with  electric  powers 
of  1  kW,  2kW,  5kW,  and  10  kW  have  been  developed  in  differ¬ 
ent  countries  [3-8].  However,  the  cost  of  PEMFC  stacks  is  too 
high  for  some  applications,  owing  to  the  high  cost  of  catalysts, 
which  is  one  of  the  major  obstacles  for  the  broader  commer¬ 
cialization  of  PEMFC  [3,6].  Developments  of  high  efficiency  and 
low  cost  of  catalytic  materials  are  still  being  carried  out.  Gener¬ 
ally,  the  relatively  high  cost  of  PEMFC  stacks  can  be  lowered  if 
the  durability  of  catalytic  materials  is  prolonged.  Many  researches 
on  PEMFC  stacks  with  a  long  operation  life  have  been  conducted 
[9,10],  but  little  progress  has  been  made  [11,12].  The  main  chal¬ 
lenge  is  that  the  operating  life  is  affected  by  the  decay  of  fuel 
cell  performance.  During  long-term  operation  the  electrochemi¬ 
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cal  performance  is  possibly  degraded,  and  the  service  condition 
may  be  various.  In  order  to  understand  the  degradation  mecha¬ 
nism,  it  is  necessary  to  study  the  structural  and  chemical  changes 
of  each  components  affected  by  electrochemical  stressing  [13]. 
The  state-of-the-art  fuel  cell  electrodes  are  normally  composed  of 
carbon-supported  noble  metal,  such  as  Pt  as  a  catalyst,  an  ionic 
conductor,  such  as  Nation®  [14,15],  and  a  water-repelling  agent, 
such  as  PTFE  [16].  For  these  materials,  some  changes  in  catalytic 
and  diffusion  layers  may  have  negative  influence  on  the  steady 
operation  of  PEMFC,  including  the  sintering  of  Pt  catalytic  par¬ 
ticles,  the  loss  of  catalytic  active  components,  the  poisoning  of 
electrocatalysts  caused  by  accumulated  intermediates  or  impuri¬ 
ties,  the  degradation  of  polymer  electrolytic  membrane,  the  change 
of  hydrophobic/hydrophilic  properties,  etc.  [17].  Among  these  the 
catalyst  durability  is  still  a  challenge  to  develop  PEMFC  with  an 
acceptable  service  life  for  transportation  and  stationary  uses.  The 
previous  results  indicated  that  the  platinum  catalyst  particles  were 
sintered  during  the  test  [  18  ].  This  was  most  likely  because  the  avail¬ 
able  electrochemically  active  surface  area  of  Pt  catalyst  decreased 
as  the  particles  increased  in  size  [19].  Pt  sintering  with  a  decrease  of 
active  surface  area  due  to  carbon-support  corrosion  and  Pt  dissolu¬ 
tion/aggregation  is  considered  to  be  one  of  the  major  factors  causing 
the  decay  of  cell  performance  [20].  Current  research  and  develop¬ 
ment  efforts  are  primarily  focused  on  elucidating  and  quantifying 
catalytic  degradation  mechanism  in  order  to  determine  whether 
carbon-supported  platinum  or  platinum-alloy  catalysts  will  meet 


246 


Z.-B.  Wang  et  al.  /  Journal  of  Power  Sources  184  (2008)  245-250 


long-term  performance  requirements  (e.g.,  for  automotive  applica¬ 
tions  <10  pA/h-1 )  [21  ],  and  then  to  develop  more  stable  membrane 
electrode  assembly  (MEA)  materials.  Less  work  has  been  reported 
on  the  long-term  stability  of  Pt/C  catalysts  used  in  PEMFC.  Cyclic 
voltammetry  (CV)  has  been  frequently  used  to  estimate  the  surface 
area  (as  electrochemically  active  surface  area  (EAS))  of  Pt/C  cata¬ 
lyst  by  adsorption-desorption  of  atomic  hydrogen  in  acidic  media 
[22,23].  In  this  paper,  whether  and  how  the  catalyst  degradation 
affects  the  long-term  PEMFC  performance  is  studied  by  in  situ  CV, 
X-ray  diffraction  (XRD),  scanning  electron  microscopy  (SEM),  and 
transmission  electron  microscopy  (TEM).  The  purpose  of  this  study 
is  to  provide  a  better  insight  into  the  stability  and  changes  of  Pt/C 
catalysts  under  PEMFC  operating  conditions  with  CV  and  other 
techniques. 

2.  Experimental 

2.1.  MEA  preparation 

20wt.%  Pt/C  (E-Tek  Inc.)  was  used  as  catalysts  for  both  elec¬ 
trodes.  The  catalyst  and  5  wt.%  Nation®  ionomer  solution  (DuPont 
EW  =  1100)  were  mixed  in  isopropyl  alcohol  to  form  a  homogeneous 
catalyst  ink  for  the  anode.  The  cathodic  catalyst  ink  was  composed 
of  20  wt.%  Pt/C,  Nation®  ionomer,  and  PTFE.  The  Nation®  contents  in 
anodic  and  cathodic  catalyst  layers  were  20  wt.%.  The  catalyst  inks 
were  deposited  onto  the  gas  diffusion  layers  (GDLs)  by  paint  brush 
with  a  metal  loading  of  1  mg  cm-2  for  both  electrodes.  The  carbon 
cloth  (E-TEK,  ELAT/NC/DS/V2  double  sided  ELAT  electrode,  carbon 
only,  no  metal,  20%  wet  proofed)  was  used  as  the  GDL  and  backing 
layer.  DuPont  Nation®  117  film  was  used  as  the  solid  electrolyte. 
Before  being  applied  to  the  electrodes,  the  Nation®  membrane  was 
pretreated  by  diluted  nitric  acid  (the  ratio  of  nitric  acid/deionized 
water  of  18  MC2  cm  by  volume  is  1 : 1 )  at  its  boiling  temperature  for 
20  min,  and  then  rinsed  five  times  with  ultrapure  water.  The  mem¬ 
brane  was  then  immersed  in  the  boiling  ultrapure  water  for  1  h.  The 
membrane  electrode  assembly  (MEA)  was  formed  by  hot-pressing 
the  anodic  and  cathodic  diffusion  layers  onto  the  Nation®  film. 

2.2.  Electrochemical  measurements 

2.2.1.  Single  fuel  cell  tests 

Tests  of  a  single  fuel  cell  were  conducted  by  using  a  homemade 
5  cm2  apparent  area  test  fixture.  The  fixture  was  composed  of  a  pair 
of  graphite  plates  with  serpentine  flow  fields  for  reactants  to  flow. 
Hydrogen  and  air  were  used  as  the  reactants  with  a  flow  rate  of 
100  mL  min-1  at  ambient  pressure  for  the  anode  and  the  cathode, 
respectively.  Both  reactants  were  100%  humidified  by  passing  them 
through  humidifiers  prior  to  entering  the  cell.  The  cell  temperature 
was  45  °C.  Rod-like  heaters  were  inserted  into  the  graphite  plates 
to  control  the  cell  temperature.  Polarization  curves,  power  density 
curves,  and  potential-time  curve  were  obtained  by  using  a  Fuel  Cell 
Test  Station  (Scribner  Associates  Inc.,  Series  890B)  in  a  galvanostatic 
polarization  mode.  Potential-time  curve  was  measured  at  a  current 
density  of  160  mA cm-2  for  2250  h.  To  ensure  that  the  electrolyte 
in  the  Nation®  membrane  and  electrode  is  moist  enough  to  have 
high  ionic  conductivity,  it  is  necessary  to  activate  the  MEA  before 
the  performance  measurements.  In  the  present  experiment,  the  cell 
was  conditioned  with  hydrogen  and  air  by  saturated  humidification 
at  45  °C  in  a  current  density  of  20  mA  cm-2  for  24  h  prior  to  the 
acquisition  of  life  test  data. 

2.2.2.  Cyclic  voltammetry 

In  situ  cyclic  voltammograms  [24,25]  were  obtained  by  using 
a  PAR  potentiostat/galvanostat  (EG&G  Model  273 A)  at  a  cell  tem¬ 
perature  of  25  °C.  When  CV  of  the  anode  was  measured,  the  anode 


chamber  was  taken  as  a  working  electrode,  and  was  purged  with 
nitrogen  gas,  while  the  cathode  chamber  was  fed  with  pure  hydro¬ 
gen  at  ambient  pressure  and  it  functioned  as  the  counter  and 
reference  electrode  which  was  defined  as  a  dynamic  hydrogen  elec¬ 
trode  (DHE).  When  CV  of  the  cathode  was  measured,  the  cathode 
chamber  was  taken  as  a  working  electrode,  and  the  anode  served 
as  the  counter  and  reference  electrodes.  The  potential  was  scanned 
(0.02  V  s-1 )  between  0.05  V  and  1.2  V.  All  potential  values  presented 
in  this  work  are  versus  DHE.  Electrochemically  active  surface  areas 
were  calculated  from  integrated  hydrogen  adsorption  and  desorp¬ 
tion  of  CV,  and  assuming  a  value  of  210  |jiCcnrr2  of  Pt  surface  area 
for  a  monolayer  coverage  of  hydrogen. 

2.3.  X-ray  diffraction 

XRD  measurements  for  the  catalyzed  GDL  were  recorded  on  a 
Rigaku  Ultima  III  X-ray  diffractometer  system  (Rigaku  MSC,  Wood¬ 
lands,  TX)  using  a  graphite  crystal  counter  monochromator  that 
filtered  Cu  I<pradiation.  The  X-ray  source  was  operated  at  40  kV  and 
40  mA.  The  pattern,  recorded  in  a  20  range  of  20-90°,  was  obtained 
using  high  precision  and  high-resolution  parallel  beam  geometry 
in  a  step  scanning  mode  at  1°  min-1.  Particle  size  was  determined 
from  the  Scherrer  equation  using  the  Pseudo-Voigt  profile  function. 

2.4.  Scanning  electron  microscope 

The  thickness  analyses  of  Nation®  films  after  and  before  test 
were  performed  with  a  scanning  electron  microscope  (SEM,  Hitachi 
Ltd.,  S-4700).  Incident  electron  beam  energies  from  3  keV  to  30  keV 
had  been  used.  In  all  cases,  the  beam  was  at  normal  incidence  to 
the  sample  surface  and  the  measurement  time  was  100  s. 

2.5.  Transmission  electron  micrographs 

Transmission  electron  micrographs  for  the  catalyst  samples 
were  taken  by  a  Japan  JEOLJEM-2010EX  transmission  electron 
microscope  with  a  spatial  resolution  of  1  nm.  Before  taking  the 
electron  micrographs,  the  catalyst  samples  were  finely  ground  and 
ultrasonically  dispersed  in  isopropyl  alcohol,  and  a  drop  of  the 
resultant  dispersion  was  deposited  and  dried  on  a  standard  copper 
grid  coated  with  a  polymer  film.  The  applied  voltage  was  100  kV 
with  a  magnification  of  200,000  x  for  the  catalyst. 

3.  Results  and  discussion 

Life  test  of  single  fuel  cell  was  carried  out  at  a  temperature 
of  45  °C  with  a  current  density  of  160  mA cm-2  for  2250  h.  The 
potential-time  curve  is  presented  in  Fig.  1.  It  can  be  seen  that 
there  are  eight  spikes  in  the  curve.  It  was  because  the  continu¬ 
ous  discharge  should  be  interrupted  once  for  each  250  h  of  life  test 
by  refilling  ultrapure  water  into  the  reactant  humidifiers,  which 
caused  the  performance  of  the  PEMFC  to  recover  its  initial  value  of 
the  discharge  process  for  a  few  hours.  The  recovery  is  also  attributed 
to  the  membrane  humidification.  The  reactant  humidifiers  are  not 
large  enough  in  the  present  experiment.  The  Nation®  membrane  is 
drying  gradually  during  the  operation  due  to  the  loss  of  ultrapure 
water  in  humidifiers.  The  ionic  conductivity  of  ionomer  membrane 
gradually  lowers;  thus  its  ohmic  resistance  gradually  increases.  The 
voltage  across  both  sides  of  Nation®  membrane  increases  because 
of  constant  discharge  current  density.  Namely,  the  voltage  of  fuel 
cell  decays  gradually  with  time.  In  each  continuous  discharge  pro¬ 
cess,  the  majority  of  voltage  loss  occurs  in  initial  hours  and  then  its 
decline  becomes  less  significant.  Clearly,  in  the  present  life  test,  the 
performance  of  single  cell  does  not  markedly  decay. 
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Fig.  1.  Life  test  of  a  single  PEMFC  with  an  apparent  area  of  5  cm2  and  a  Pt  metal 
loading  of  1  mg  cm-2.  Operating  at  45  °C  with  a  current  density  of  160  mA cm-2. 
Anode  and  cathode  are  fed  with  hydrogen  and  air,  respectively,  with  a  flow  rate  of 
100  mL  min-1  at  ambient  pressure. 


Table  1 

Comparison  of  open  circuit  voltages  of  PEMFC  at  different  intervals 


Working  time  (h) 

OCV  (V) 

0 

0.992 

1000 

1.006 

1500 

1.009 

2000 

1.018 

2250 

1.020 

The  open  circuit  voltages  (OCVs)  of  a  fuel  cell  at  different  test 
times  are  listed  in  Table  1.  The  OCVs  were  obtained  after  refill¬ 
ing  ultrapure  water  into  humidifiers  prior  to  the  next  250  h  test.  It 
can  be  seen  that  OCVs  increase  slightly  with  test  time.  Hydrogen 
peroxide  (H202)  is  formed  at  the  cathode  due  to  inadequate  reduc¬ 
tion  of  oxygen  [12,26].  The  Nation®  membrane  does  not  withstand 
H202  [12,26],  and  thins  due  to  the  corrosion  by  H202.  However,  the 
Nation®  film  is  not  broken  down  after  2250  h  during  this  experi¬ 
ment.  The  reaction  gases  do  not  permeate  to  the  other  electrode, 
and  the  mixed  potential  does  not  occur  [10].  Hence,  the  OCVs  of  a 
fuel  cell  do  not  decrease  with  time. 

Polarization  curves  and  power  density  curves  of  PEMFC  at 
different  intervals  are  presented  in  Fig.  2.  The  initial  maximum 
power  density  is  242mWcnrr2,  and  then  it  increases  up  to 
295mWcm-2  after  2000  h  of  operation,  and  slightly  decreases 


Fig.  2.  Performance  of  a  single  PEMFC  before  test  and  at  different  intervals.  Cell 
temperature:  45  °C.  Anode  and  cathode  are  fed  with  hydrogen  and  air,  respectively, 
with  a  flow  rate  of  100  mLmin-1  at  ambient  pressure. 


Fig.  3.  CV  curves  of  anodic  Pt/C  catalyst  at  different  intervals  during  life  test  at  25  °C. 


Fig.  4.  CV  curves  of  cathodic  Pt/C  catalyst  at  different  intervals  during  life  test  at 
25  °C. 

down  to  289mWcm-2  after  2250  h  of  the  test.  The  polarization 
decay  with  time  of  the  fuel  cell  is  similar  to  the  power  density 
change  with  time,  i.e.  first  augments  and  then  decreases. 

Figs.  3  and  4  show  the  CV  curves  of  anodic  and  cathodic  cata¬ 
lysts  for  hydrogen  adsorption-desorption  at  different  intervals  of 
the  life  test.  The  normal  peaks  of  hydrogen  adsorption-desorption 
on  Pt/C  catalysts  are  easily  identified  in  Figs.  3  and  4  before  life  test. 
Namely,  the  two  peaks  occur  at  0.125  V  (weak  adsorption  hydro¬ 
gen)  and  0.275  V  (strong  adsorption  hydrogen)  during  the  anodic 
cycles  corresponding  to  the  stripping  of  adsorbed  hydrogen.  The  flat 
region  between  0.35  V  and  0.60  V  corresponds  to  the  double  layer 
region.  The  hydrogen  adsorption-desorption  regions  on  Pt/C  cata- 


Table  2 

Seas  and  Sxrd  area  results  of  Pt/C  catalysts  before  life  test  and  at  different  intervals 


Electrode 

Working  time  (h) 

0 

1000 

1500 

2000 

2250 

Cathode 

Seas  (m2  g^1 ) 

42.5 

47.5 

44.8 

30.5 

21.6 

Changing  rate  (%) 

- 

+11.8 

-5.7 

-35.8 

-54.5 

Anode 

Seas  (m2  g”1) 

53.6 

55.7 

50.8 

46.3 

38.9 

Changing  rate  (%) 

- 

+3.9 

-8.8 

-16.9 

-30.2 

Catalyst 

Sxrd  (m2g“1) 

112.1 

- 

- 

- 

- 
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Fig.  5.  SEM  images  of  the  MEAs  prior  to  (A)  and  after  (B)  life  test. 


Fig.  6.  TEM  images  of  Pt/C  catalysts  before  and  after  life  test.  (A)  New  Pt/C,  before  operation;  (B)  anodic  Pt/C,  after  operation;  (C)  cathodic  Pt/C,  after  operation. 
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lysts  first  increase  and  then  decrease  gradually  with  time.  The  mode 
of  change  is  in  good  consistent  with  that  of  PEMFC  performance.  The 
two  normal  peaks  of  hydrogen  desorption  decay  gradually  with  test 
time.  The  double  layer  capacities  increase  gradually  with  time. 

The  electrochemically  active  surface  areas  (SEAs)  of  the  catalysts 
are  calculated  with  the  recognized  method  based  on  the  hydrogen 
adsorption-desorption  curves  by  Eq.  (1)  [22,23]  as  follows: 


where  Qh  is  the  charge  quantity  calculated  from  integrated  in  CV 
for  hydrogen  adsorption-desorption  in  microcoulomb  (jjiC),  G  rep¬ 
resents  the  loading  of  Pt  metal  (mg cm-2)  in  the  electrode,  and  210 
is  the  charge  required  to  oxidize  a  monolayer  of  hydrogen  on  the  Pt 
catalyst  in  p,Ccnrr2  [22].  The  SEAS  of  anodic  and  cathodic  catalysts 
are  listed  in  Table  2. 

The  SEAS  of  anodic  and  cathodic  catalysts  initially  increase  and 
then  gradually  decrease  with  test  time  as  shown  in  Table  2.  The 
SEAS  loss  for  the  cathode  and  the  anode  after  a  test  time  of  2250  h 
are  54.5%  and  30.2%,  respectively.  The  degradation  extent  of  SEAS  of 
cathodic  catalyst  is  more  obvious  than  that  of  anodic  one.  After  the 
operation,  the  utilization  of  anodic  catalyst  decreases  from  47.8%  to 
34.7%,  and  that  of  cathodic  catalyst  decreases  from  37.9%  to  19.3%. 
This  result  is  in  agreement  with  other  groups’  reports  [19,27].  The 
decrease  of  utilization  and  SEAS  of  cathodic  catalyst  is  probably  due 
to  the  higher  water  content,  higher  pH  value,  and  higher  oxygen 
concentration  in  the  cathode  than  those  in  the  anode.  In  addition, 
cathodic  potential  is  much  higher  than  anodic  one  during  PEMFC 


operation.  The  change  of  polarization  curves  with  time  as  shown 
in  Fig.  2  lags  that  of  SEAS  (Table  2).  It  could  be  resulted  from  the 
thickness  change  of  Nation®  film  as  shown  in  Fig.  5.  The  average 
thickness  of  five  measurements  for  each  Nation®  film  had  the  val¬ 
ues  of  175  |jim  and  171  p,m  before  and  after  the  life  test,  respectively. 
The  Nation®  film  was  thinned  by  about  4  p,m,  while  the  standard 
error  of  such  measurements  is  ±0.3  p,m.  This  result  is  similar  to 
that  of  Cho  and  coworkers  [28]  group  by  running  PEMFCs  for  500 
or  1000  h.  The  decrease  of  thickness  results  in  the  increase  of  the 
ionic  conductivity  of  the  film,  which  enhances  the  performance  of 
PEMFC.  The  results  are  consistent  with  that  of  OCVs.  The  change 
of  SEAS  with  time  displays  an  adverse  effect  on  the  performance  of 
PEMFC  with  the  thickness  decrease  of  Nation®  film,  which  results  in 
that  the  evident  decrease  of  the  polarization  curves  in  PEMFC  was 
not  found.  The  experimental  data  indicate  that  Pt/C  catalyst  and  cat¬ 
alyst  layer  in  the  cathode  evidently  decay  due  to  a  marked  decrease 
of  ‘triple-phase  boundaries’  where  the  electrolyte,  reactants,  and 
electrically  connected  catalyst  particles  contact  together.  Conse¬ 
quently,  the  performance  decay  of  PEMFC  mainly  derives  from  the 
change  of  the  cathode. 

Fig.  6  shows  TEM  micrographs  of  Pt/C  catalysts  before  and  after 
the  life  test.  Fig.  6A  is  a  TEM  micrograph  of  new  catalyst  and  Fig.  6B 
and  C  are  TEM  micrographs  of  anodic  and  cathodic  Pt/C  catalysts 
after  the  life  test,  respectively.  The  dark  black  portions  are  Pt  grains, 
and  the  gray  portions  are  carbon  support  grains.  It  can  be  seen  that 
the  dispersion  of  new  catalyst  is  very  even  without  agglomeration, 
and  its  size  is  very  small.  The  dispersion  of  the  anodic  catalyst  after 
the  test  is  relatively  even,  but  its  size  evidently  increases.  However, 


Fig.  7.  Size  distribution  of  nanoparticles  of  new  Pt/C  (A),  anodic  (B),  and  cathodic  (C)  Pt/C  catalysts  after  life  test. 
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the  dispersion  of  the  cathodic  one  after  the  test  is  uneven  with  a 
certain  extent  of  agglomeration.  Its  size  markedly  increases.  Kim 
and  coworkers  [29]  studied  the  stability  of  Pt-based  ternary  alloy 
as  cathodic  catalysts  for  PEMFC.  They  also  found  the  particle  size 
of  Pt-based  ternary  alloy  catalysts  increased  by  about  0.5  nm  after 
500  h  of  operation. 

From  the  histograms  of  the  particle  sizes  (see  Fig.  7  A  for  the 
new  Pt/C  catalyst,  and  Fig.  7B  and  C  for  the  anodic  and  cathodic 
Pt/C  ones  after  the  life  test,  respectively),  it  is  easy  to  pinpoint  the 
peak  particle  sizes  at  around  3  nm,  5  nm,  and  7  nm  for  the  new  Pt/C, 
anodic  and  cathodic  Pt/C  catalysts  after  the  life  test,  respectively. 
From  the  particle  distribution  (i.e.  from  1  nm  to  5  nm  for  the  new 
Pt/C  nanoparticles,  and  from  1  nm  to  9  nm  for  the  anodic  Pt/C  and 
from  2  nm  to  12  nm  for  the  cathodic  Pt/C  catalyst  after  the  life  test) 
the  more  detailed  estimation  results  of  the  average  particle  size 
of  2.6  nm  for  the  new  Pt/C  nanoparticles,  and  those  of  5.1  nm  and 
7.3  nm  for  the  anodic  and  cathodic  Pt/C  catalysts  after  the  life  test, 
respectively,  were  computed  from  TEM  measurements  of  particles 
with  a  series  of  definite  particle  diameters,  coded  individually  with 
numbers,  by  using  Eq.  (2)  [21  ]  as  follows: 


where  dn  is  the  averaged  diameter  of  metal  particles  in  nanometer, 
n  the  total  number  of  the  used  codes,  d2-  the  ith  coded  diameter.  The 
results  are  similar  to  those  of  XRD.  Simultaneously,  the  increases  of 
particle  size  of  Pt/C  catalysts  are  consistent  with  their  decreases  of 
Seas-  Comparing  with  the  original  one  (Fig.  7A),  the  Pt  particle  size 
distributions  are  changed  for  the  anodic  and  cathodic  catalysts  after 
the  life  test.  The  number  of  Pt  particles  with  small  diameters  ( 1  nm) 
largely  decreases  or  disappears,  and  larger  Pt  particles  (larger  than 
6nm)  appear.  It  can  be  described  that  smaller  Pt  particles  were 
“swallowed  up”  by  the  larger  ones  through  the  migration  of  smaller 
Pt  particles  on  the  carbon  surface  [30,31  ]  or  through  the  Pt  ions  (e.g., 
Pt2+)  dissolution/redeposition  processes  [27,32]. 

4.  Conclusion 

Measurements  with  XRD,  SEM,  TEM,  and  SEAs  of  Pt/C  catalysts  at 
both  electrodes  were  successfully  applied  to  investigate  the  perfor¬ 
mance  decay  of  a  single  PEMFC.  The  initial  peak  power  densities 
firstly  increased  and  then  slightly  decreased  with  the  test  time. 
Compared  with  anodic  potentials,  the  cathodic  ones  are  relatively 
high,  which  has  a  strong  adverse  effect  on  cathodic  catalyst.  The 
Seas  of  Pt/C  catalysts  in  both  electrodes  initially  augmented  and 
then  decreased  markedly  with  time.  The  rate  of  SEAS  loss  of  cathodic 
catalyst  is  much  higher  than  that  of  anodic  one.  The  decreases  of 
SEA s  and  utilization  of  cathodic  catalyst  are  the  main  factors  affect¬ 
ing  the  performance  decay  of  PEMFC.  The  thickness  of  Nation®  film 
also  decreased  with  working  time.  The  Nation®  film  was  thinned 
by  about  4p,m  after  a  working  time  of  2250  h.  The  particle  size 
of  cathodic  catalyst  is  much  bigger  than  that  of  anodic  one.  The 
increase  of  the  particle  size  of  Pt/C  catalyst  followed  along  with  the 
dissolution/redeposition  mechanism.  The  degradation  of  cathodic 
catalyst  for  oxygen  electroreduction  was  one  of  the  main  factors 
affecting  the  performance  decay  of  PEMFC. 
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